Inside negative membrane potentials were observed for protoplasts obtained from Nitella expansa leaf internodal cells in media containing 1 to 100 mu CaClz using the microelectrode technique. The potential values were less negative than the membrane potential of intact N. expansa leaf internodal celb. In addition, an action potential consisting of two components-a fast component and a slow component-was induced by electrical stimulation for the protoplasts as well as the intact cells. Key words: Action potential -Calcium effect -Membrane potential -Nitella expansa -Protoplasts.
values, obtained by impaling cells with microelectrodes, are strikingly different from membrane potentials of cells of intact tissues which are inside negative. A membrane potential of -60 mv, inside negative, has been obtained for protoplasts of oat leaves (Avena sativa) without using microelectrodes, i.e., by the passive uptake method of lipophilic cation (25) .
In our recent studies (26, 27, 31, 32) on the physicochemical factors regulating cell fusion of plant protoplasts, we also noticed the importance of the physicochemical character of the protoplast membrane, including the membrane potential and membrane resistance. Since protoplasts isolated from leaf internodal cells of Nitella expansa are large (200-350 fim in diameter), we tried to measure the membrane potential of this protoplast using the microelectrode technique.
Materials and methods

Preparation of protoplasts
Nitella expansa was grown in a 10-liter plastic vessel with a nutrient solution at 2O±3°C, illuminated intermittently (18 hr light and 6 hr dark) at a light intensity of about 600 lux with fluorescent lamps (combination of 20 w White and 20 w Fishlux, Toshiba Electric Co. Ltd.). The composition of the nutrient solution was: 300 , UM CaCl 2 , 160/IM KC1, 150/*M MgSO 4) GO3 (20) . Protoplasts were isolated from leaf internodes of the apex of young shoots of N. expansa by the procedure of Kuroda and Kamiya (19) with a modification. An apex of a young shoot, 1 to 4 mm long, was cut from the plant and treated in a measuring vessel with an enzyme solution consisting of 1 % Cellulase Onozuka R-10, 0.05% Macerozyme Onozuka R-10 (Kinki Yakult MFG.), 1 HIM CaCl 2 , 1 mM NaCl, 0.1 nut KC1 and 0.27 M sorbitol at pH 5.5 (not adjusted). The osmotic potential of the test solution was adjusted by adding sorbitol to be isotonic with the leaf internodal cells. The osmotic potential of the leaf internodal cells was equivalent to 0.27 M sorbitol as determined by the plasmolysis method. Membrane parameters were measured using spherical protoplasts with a diameter larger than 200 fim that had a light green layer of chloroplasts and showed active cytoplasmic streaming.
Electrodes
Potential measurements and current injection were done with glass capillary microelectrodes of the Ag/AgCl type filled with 3 M KC1. Each microelectrode was tested for tip potentials and those having ones less than 10 mv in the test solutions were used. The electrical resistance of these microelectrodes was between 3 and 10 megohms. For the external reference electrode, an Ag/AgCl half cell connected with a 3 M KCl-agar bridge was used. The current sink electrode was a silver wire placed in a measuring vessel.
Insertion of microelectrode
A protoplast was placed in a hole of a polyethylene mesh which was fixed on the bottom of the mesuring vessel with epoxy resin. The microelectrode tip was brought into contact with the protoplast surface. When a positive current pulse of 0.1 to 1.0 /*amp was applied for 5 msec through the microelectrode tip, the cytoplasmic streaming stopped for a few seconds. Immediately after this stoppage, the microelectrode was advanced into the protoplast using a manipulator.
Potential recording and current injection
A system of potential recording and current injection using microelectrodes is schematically illustrated in Fig. 1 .
Method A: Potential recording and current injection were done with one intracellular microelectrode, Ti, as shown in Fig. 1 with switches Swi, Sw 2 and Sw 3 in position a. In this mode, Ti was connected to amplifier Ai by electric switch B which was in the potential measuring mode with relay Ryi on and relays Ry 2 and Ry 3 off. The external reference electrode Rf was connected to amplifier A 3 . The potential difference between Ti and Rf was amplified with amplifier A 4 and recorded with the pen writing recorder R or the cathode ray oscilloscope CRO. When a voltage pulse from stimulator S was applied, B changed into the current injection mode with Ryi off and Ry» and Ry 3 on, and Ti was synchronously disconnected Fig. 1 . Scheme of the system for potential measurement and current injection. P, protoplast; Ti and T2, glass capillary microelectrodes; Rf, reference electrode; E, current sink electrode; S, stimulator; B, electric switch; A1-A5, operational amplifiers; R, pen writing recorder; CRO, cathode ray oscilloscope.
from Ai and connected to S, the input of Ai was grounded, and a stimulating current pulse was applied to the cell membrane. The injected current was measured with a current-sensing amplifier A5. After the voltage pulse from S had fallen, B returned to the potential measuring mode with Ryi on and Ry2 and Ry3 off, and the membrane potential was recorded.
Method B: Two intracellular microelectrodes, Ti and T2, shown in Fig. 1 with switches Swi, Sw2 and SW3 in position b were used. In method B, Tj was directly connected to A2 and the potential difference between Ti and Rf was recorded. Current injection was made by T2 through B as described in method A.
Determination of membrane resistance
Membrane resistance was measured by method B. A current pulse of 500 msec duration was applied through T2 and the resulting membrane potential change was measured with Ti. The membrane resistance was calculated by assuming uniform distribution of the injected current over the entire surface of a spherical protoplast.
Measurements of membrane parameters for intact cells
The membrane potential of intact leaf internodal cells was recorded by method B. The membrane resistance was determined by method B with a correction for the leakage of the injected current to neighboring cells through plasmadesmata (28) .
Results
Protoplasts isolated from leaf internodal cells of N. expansa were easy to break in media containing no or trace amounts of calcium ion. Thus, in the test solutions containing less than 1 mM CaCU, the protoplasts were burst by intserion of the microelectrode to allow their membrane potential measurements only in cest solutions containing CaCl2 at concentrations equal to or higher than 1 niM. Fig. 2 shows the resting membrane potentials of N. expansa protoplasts in test solutions containing 1 mM NaCl, 0.1 mM KC1 and 0.27 to 0 M sorbitol, depending on the CaCl2 concentration, to keep the osmolarity of the test solution constant. The resting membrane potential was recorded by method A. When the tip of the microelectrode (Ti in Fig. 1 ) was pressed against the surface of a protoplast, a small positive potential was frequently recorded. Then an electric impulse was applied to the protoplast as described in Materials and methods and the tip of the microelectrode was inserted into the central vacuole of the protoplast. Microscopic observation confirmed the location of the tip in the central vacuole, which was stained with neutral red. The points in Fig. 2 are average values of 2 to 15 determinations and vertical bars indicate the range from the largest to the smallest value. The resting membrane potentials of the N. expansa protoplast were inside negative and shifted to more positive potential by about 15 mv per tenfold increase of CaCl2 concentration. Fig. 2 also shows the resting membrane potentials of intact N. expansa leaf internodal cells in APW containing 1 mM NaCl, 0.1 mM KC1 and 0.1 to 100 nun CaCl2. The resting membrane potential of intact cells was always more negative than that of protoplasts and shifted positively by 5 mv (average of five determinations) with addition of 0.27 M sorbitol in APW containing 1 mM NaCl and 0.1 mM KC1. The resting membrane resistance of N. expansa protoplasts was 22 kohms cm 2 (average of five determinations) in the test solution containing 100 mM CaC^, whereas that of intact cells was 23 kohms cm 2 (average of three determinations) in APW containing 100 mM CaCUWhen an impulse current, with an amplitude of 0.5 to 0.003 fiaxap and a duraction of 5 to 500 msec, was passed from the interior to the bathing solution, an action potential, or a transient depolarization of the membrane potential, was A or B) . The threshold for the membrane excitation was depolarization of about 20 mv, as determined when an electrical current of 0.003 /*amp, corresponding to about 1.7 ^uamp per cm 2 of protoplast surface, was applied. The refractory period was about 3 min. We also observed that when the electrical impulse was applied, cytoplasmic streaming stopped for a few seconds but recovered gradually in a few minutes to the original stage. A recorder trace of the action potential of N. expansa protoplasts is shown in Fig. 3 . Two components were identified in the action potential, i.e., a fast component and a slow component which were called the "first" and "second" peaks, respectively. The two components were well separated and chracterized, as schematically illustrated in Fig.-4 , by the magnitudes of the action potentials Epi and Ep 2 , the rise times tE P i and tE P 2, and the half-decay times t 1/2 E P i and ti /2 E P 2, for the first and second peaks, respectively. •52. An action potential was induced by electrical stimulation also for intact N. expansa leaf internodal cells. The time course of the transient depolarization was similar to that of the protoplasts and characterized likewise (see Fig. 4 ) by the magnitudes of the action potential, the rise times and the half-decay times for the fast and slow components, respectively. The results with protoplasts and intact cells are shown in Fig. 6, 7 and 8 . In these figures, the points are average values of two to nine determinations and vertical bars indicate the range from the largest to the smallest value.
Discussion
Use of an electrical impulse to make insertion of microelectrode into a protoplast easy and smooth has been found to be very effective. The usefulness of a similar electrical impulse method to insert a microelectrode into a small cell has been reported for small nerve cells {12).
Rona (23, 24) and Galston and co-workers (13, 22) have reported that the membrane potentials of protoplasts isolated from cultured cells of Acer pseudoplatanus and tissues of Nicotiana tabacum, Avena sativa, Zea mays, Petunia hybrida, Datura stramonium and Glycine max were inside positive. In this study, on the contrary, the membrane potential of Nitella expansa protoplasts was inside negative. Furthermore, the action potential was induced by electrical stimulation.
The resting membrane potential of protoplasts of N. expansa was inside negative and shifted positively by 15 mv per tenfold increase of CaCl2 concentration in the range between 1 and 100 mM. The resting potential of intact leaf internodal cells of N. expansa also was inside negative and shifted positively with increasing CaCl2 concentration. Similar positive shift of the membrane potential with CaCl2 concentration has been reported for stem internodal cells of Chara corallina and N. Jlexilis by Kishimoto and co-workers (14, 18) and of N. translucence by Williams and Bradley (30) . The resting membrane potentials of the protoplasts were always less negative than those of intact leaf internodal cells of N. expansa, from which the protoplasts were isolated by enzyme treatment. The difference of 25 to 30 mv between these two potentials should primarily be attributed to cell wall potentials (18, 23, 24) .
The resting membrane resistance of the protoplasts also was found to be of the same order as that of the intact cells.
An action potential consisting of two components-a fast component and a slow component-was induced for both protoplasts and intact cells of N. expansa by electrical stimulation. The action potential of a two-component type similar to that observed in this study has been reported for stem internodal cells of the Nitella species by Findlay (8) , Blatt (2) , and Beilby and Coster (/).
In conclusion, these experimental results indicate that the plasma membrane of intact leaf internodal cells of N. expansa is not seriously altered by the enzyme treatment by which their protoplasts are isolated and that the electrical properties of the protoplast membrane remain essentially the same as those of the intact cell membrane.
Since the earliest measurements by Osterhaut (21), the action potential in characean cells has been studied by many investigators (for a review, see 5, 16 ) and the significance of the role of calcium ion in determining the transient electrical properties of plasma membrane (plasmalemma) in excitation has been demonstrated and discussed by Findlay (7, 8) , Findlay and Hope (9), Hope and Findlay (IT), 17, 18) , and recently by Beilby and Coster (I). It has also been pointed out that the cation-exchange properties of the cell wall do not allow a definite conclusion to be made from the experimental results (1, 30) . The present preliminary experimental results that the effect of CaCl2 concentration on the half-decay times was appreciable for protoplasts but small for intact cells also suggest a possible role of the cell wall as a cation exchanger to affect the activity of the calcium ion in the vicinity of the cell surface.
